The effects of homogeneous low energy (170 keV) electron beam irradiation (HLEBI) on the adhesion force indicated by peeling resistance ( o F p ) at each accumulative probability of peeling resistance (P p ) of laminated sheets of carbon fiber reinforced epoxy polymer (CFRP) and polytetrafluoroethylene (PTFE) were investigated. The slight detectable adhesive force of o F p before treatment were 0.3 and 7.6 Nm ¹1 at low and mid P p of 0.06 and 0.50, respectively, since the intermolecular attractive force exists at PTFE and epoxy polymers at cross-linking zone. Although additional dose of HLEBI apparently reduced the o F p of laminated sheets irradiated at more than 0.30 MGy as usual radiation damages, small dose of 0.04 to 0.22 MGy-HLEBI increased the adhesive force of peeling ( o F p ) substantially over the untreated. 0.13 MGy-HLEBI enhanced the o F p up to the largest values of 9.8 and 44.0 Nm ¹1 , respectively, which were more than 30.5 and 5.8 times larger than those before treatment. Based on the 3-parameter Weibull equation, the statistically lowest o F p value at P p = 0 (F s ) was increased from zero to 9.2 Nm ¹1 by applying the 0.13 MGy HLEBI. XPS (X-ray photoelectron spectrometry) measurements detected the fluorine (1s) signal on peeled surface of CFRP side indicating the residual PTFE adhered well to the epoxy of CFRP by the HLEBI. Thus, the fracture probably propagated through the PTFE inside near cross-linking zone of interface. This is probably a result of adhesion force of PTFE/CFRP being made stronger than the cohesive force of epoxy polymer. When HLEBI cut the chemical bonds and generated active terminated atoms with dangling bonds of Epoxy and PTFE polymers in cross-linking zone with chemical bonding around adhesive interface, strengthening the adhesive force indicated by o F p was mainly induced by the chemical bonding, as well as intermolecular attractive force in cross-linking polymers.
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Introduction
Homogeneous low energy electron beam irradiation (HLEBI) improves the mist resistance and wetting of inorganic materials, 1) as well as sterilized materials.
2) Treatment time of HLEBI-sterilization is only a few seconds, although sterilizing with ultraviolet light irradiation requires a few hours.
2) Although the large irradiation dose of HLEBI apparently decays as usual radiation damage, small dose often improves the strength of the polymers of polycarbonate and epoxy resin. 3, 4) HLEBI cut the chemical bonds and generated active terminated atoms with dangling bonds in polymers. 5) In order to enhance the HLEBI effects on adhesive force, the heating by hot-press after HLEBI was also used to succeed in additive improvement in adhesive force for Polytetrafluoroethylene (PTFE)/Polyurethane (PU) and Aluminum (Al)/ PU. 6, 7) Dangling bonds enhance surface energy, which is probably caused by chemical bonds for joining the different polymers for PTFE/Polydimethylsiloxane (PDMS) at weak-linked polymers near the PTFE/PDMS interface, 5) and then polymer adhering to glass fibers raising impact strength in Glass Fiber Reinforced Epoxy Polymer (GFRP). 8) Thus, HLEBI is expected to be an excellent method for not only gluing different polymers without volatilization, but also simultaneously sterilizing them for biomedical applications.
Composite polymers have been prepared for numerous biomedical applications by laminating them with heating and glue. 9, 10) However, these methods often degrade the adhesive strength and chemical properties, thereby affecting human health. 11) Development of rapid adhesion without heating and glue would remedy this. To solve the problem, the development of rapid and safe adhesion method between Carbon Fiber Reinforced Epoxy Polymer (CFRP) and PTFE sheets has been required. CFRP are typical light structural materials with high strength. 12, 13) PTFE exhibits high wear resistance as well as high strength and fracture toughness, whereas the adhesion force by glue is not enough to use practically.
The purpose of the present work is to investigate effects of HLEBI on the adhesion force indicated by peeling resistance ( o F p ) at each accumulative probability of peeling resistance (P p ) of laminated sheets (CFRP/PTFE) constructed with Carbon Fiber Reinforced Epoxy Polymer (CFRP) and Polytetrafluoroethylene (PTFE).
Experimental Procedure

Preparation of CFRP/PTFE laminated sheets
Composite sheets were constructed with CFRP (Carbon Fiber Reinforced Epoxy Polymer) sheet (10 © 40 © 0.25 mm, TR3110-331MP epoxy/CF, Mitsubishi Rayon Ltd., Tokyo) and PTFE (10 © 40 © 0.05 mm, Skived tape MSF-100, Chukoh chemical industries Co. Ltd., Japan). The CFRP sample was pre-preged. In the CFRP sheet, V f of carbon fiber was 60%. Composite samples were fabricated by hot press in vacuum under 1 Pa for 2 h at 403 K.
Homogeneous irradiation of electron beam (HLEBI)
The 2-layer laminate sample was assembled on the jig: one 0.25 mm thick CFRP layer, followed by one 0.05 mm thick PTFE layer, on top of which was placed a 0.015 mm thick + Graduate Student, Tokai University Materials Transactions, Vol. 56, No. 9 (2015) pp. 1517 to 1522 © 2015 The Japan Institute of Metals and Materials supporting film. Since the HLEBI first penetrated the PTFE layer, followed by the CFRP layer we refereed to the samples as CFRP/PTFE.
To obtain high reproducibility of peeling strength results, compressive stress of more than 80 kPa was loaded for more than 1.0 h. 1416) Since no peeling force was observed at the interface between the back surface of CFRP or PTFE layer and the nylon 6 supporting film and in the jig, it was easy to remove the supporting film after irradiation. As shown in Fig. 1 , the sample at the outer surface of the nylon film was homogeneously irradiated in the jig by an electroncurtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA, Iwasaki Electric Group Co., Ltd., Tokyo).
1419) The specimen was homogeneously irradiated by the linear electron beam gun with low energy through a titanium thin film window attached to a 240 mm diameter vacuum chamber. A tungsten filament in a vacuum is used to generate the electron beam at a low energy (acceleration potential, V: keV), of 170 keV and irradiating current density (I, A/m 2 ) of 0.089 A/m 2 . Although the electron beam has been generated in a vacuum, the irradiated sample has been kept under protective nitrogen at atmospheric pressure. The distance between sample and window has been 35 mm. To prevent oxidation, the samples are kept in a protective atmosphere of nitrogen gas with a residual concentration of oxygen below 400 ppm. The flow rate of nitrogen gas is 1.5 L/s at 0.1 MPa nitrogen gas pressure. Each irradiation dose (0.0432 MGy) is applied for only a short time (0.23 s) to avoid excessive heating of the sample; the temperature of the sample surface remains below 323 K just after irradiation. The sample in the aluminum plate holder (0.15 m © 0.15 m) is transported on a conveyor at a speed of 9.56 m/min. The sheet electron beam irradiation has been applied intermittently. Repeated irradiations to both side surfaces of the samples are used to increase the total irradiation dose. The interval between the end of one period of irradiation and the start of the next operation is 30 s. The irradiated dosage (MGy) are evaluate from the irradiation current (I, mA), the conveyor speed (S, m/min) and number of irradiations (N) and are expressed by a following equation. 
Using the principal form of eq. (2), specimen surface electrical potential (V) was mainly dropped by the Ti window ("V Ti ) as well as N 2 gas atmosphere ("V N2 ).
Based on the eq. (2), the dropped potential values, "V Ti and "V N2 are estimated from the acceleration potential (170 keV), the 10 µm thickness (T Ti ) of the titanium window (density: 4540 kg m ¹3 ), and the 35 mm distance between the sample and the window (T N2 ) in the N 2 gas atmosphere (density: µ N2 = 1.13 kg m ¹3 ), as follows. , the EBirradiation depth into the PTFE film estimated from eq. (2) is D th = 103 µm. It is about two times larger than the PTFE thickness of 50 µm. The HLEBI was treated by small dose from 0.04 to 0.43 MGy in this work.
90°-peeling test
Composite samples after removing the 15 µm thick nylon 6 supporting film were prepared for the 90°-peeling test to evaluate the influence of HLEBI on the peeling resistance ( o F p ). As shown in Fig. 2 , the peeling adhesive force (F p ) and its peeling distance (d p ) were obtained by the peeling test, which was performed by using a micro-load tensile tester (F-S Master-1K-2N, IMADA Co. Ltd., Japan) with a loading speed of 10 mm/min. 14) Since the unit of the F p was Nm ¹1 , the o F p was used instead of the adhesive strength, whose units should be Nm ¹2 . The sample condition of tensile test was as follows.
(1) The vertical length from the peeling contact point to the end of the sample was 5 mm.
(2) The F p was determined by using micro-load tensile tester. The o F p was estimated by the peeling load and experimental peeling width and length of 10 and 30 mm, respectively. The initial distance before peeling (d i ) was defined at the start point of peeling force, which corresponds to the start point of the first relaxation. The d i value is ³1 mm.
Electron spin resonance (ESR) and X-ray photo-
electron spectrometer (XPS) measurements Dangling bond density was measured by electron spin resonance spectrometer (ESR: JES-FA200, JEOL Ltd., Tokyo) to obtain more precise information on atomic-scale structural changes in the polymers. 14, 21, 22) ESR is utilized to detect unpaired electrons by their spins (m s = +/¹1/2) since electrons have a magnetic moment and spin quantum number. The unpaired electrons' magnetic moments either align themselves parallel or anti-parallel to an induced magnetic field producing a peak at a particular magnetic field, B. The magnetic field used in the ESR analysis was varied from 317.0 to 327.0 mT. The microwave frequency was in the X-band at 9.45 « 0.05 GHz with a magnetic field modulation of 0.10 MHz. The microwave power was 1.0 mW. X-ray photoelectron spectrometer (XPS: Quantum 2000, ULVAC Co., JAPAN) 14) was used for surface analysis of CFRP/PTFE laminated films with and without applying HLEBI. CFRP contain elements C, H and O. PTFE contain elements C and F. The C (1s), O (1s) and F (1s) signals from the peeled CFRP surface were detected by the XPS. Figure 3 shows a comparison of L p (N) vs. peeling distance, d p (mm) curves between HLEBI and untreated CFRP/PTFE joint at median accumulative probability of peeling force, P p = 0.50. Although without HLEBI a large adhesive load of peeling resistance in the CFRP/PTFE could not be obtained, by applying HLEBI at 0.13 MGy the peeling load, L p is significantly increased over the low value of the untreated. The 0.13 MGy-HLEBI therefore laminates the PTFE with the CFRP sheets, generating the higher peeling resistance. Based on the optical scale observation, the fracture can be seen to always occur at the interface.
Results
Peeling load (L p )-peeling distance (d p ) curve
Adhesive force of peeling (
o F p ) as a function of accumulative probability of peeling force (P p ) Figure 4 plots the relationships between the peeling resistance ( o F p ) and accumulative probability of peeling resistance (P p ) of the CFRP/PTFE laminated sheets for the untreated and HLEBI-treated. Applying 0.13 MGy HLEBI gives the highest o F p values, particularly above P p > 0.4. Figure 5 shows the maximum o F p for low-, median-, and high-P p of 0.06, 0.50 and 0.94 against HLEBI occurs in the 0.13 MGy-HLEBI samples at 9.8, 44.0 and 84.4 Nm ¹1 , respectively. They were more than 30.5, 5.8 and 6.0 times larger than 0.32, 7.6 and 13.9 Nm ¹1 before treatment. 
Effects of Homogeneous Low Energy Electron Beam Irradiation (HLEBI) on Adhesive Force of Peeling of Carbon Fiber
Discussion
The statistically lowest adhesive force
In order to obtain the statistically lowest peeling stress for safety design, the lowest o F p value at P p = 0 (F s ) is assumed to be attained from the adaptable relationship of the 3-parameter Weibull equation iterating to the high correlation coefficient (F). The P p depends on the risk of rupture
14,2328)
The linear relationship can be converted from eq. (3), as follows.
In predicting the 
HLEBI induced active terminated atoms with
dangling bonds evaluated by ESR Although remarkable ESR signals could not be detected in either the untreated Epoxy 29) or PTFE, 14) ESR signals, indicating dangling bond formation, in fact have been observed in both Epoxy 29) and PTFE 14) films treated by HLEBI. A slight inflection point at magnetic field B ³ 323 mT is observed. The B value corresponds closely to that reported for other HLEBI-treated polymers including: polypropylene (PP) film at 321322 mT, polydimethylsilozane (PDMS) at 322.7 mT, novolak phenol-type resin (322.8 mT), 30) and a thermoset polyester styrene-butadiene polymer composite (323.0 mT). 21) Increasing the density of terminated atoms with dangling bonds generates the nanoscale expansion sites homogeneously distributed, and then enlarges the free volume in glasses. 31) It is similar to vacancy in crystal. Since HLEBI enhances the intensity of the ESR signals in the Epoxy 29) and PTFE 14) films, it gradually enhances the density of dangling bonds.
In addition, ESR signals, indicating spontaneous dangling bond formation, in fact have been observed in carbon fiber.
32)
When HLEBI cuts the chemical bonds and generates active terminated atoms with dangling bonds with nonbonding electrons in epoxy polymers, both active carbon and epoxy terminated atoms probably induce the peeling resistance ( o F p ) caused by chemical bonding and intermolecular coulomb attractive forces at Epoxy/carbon fiber interface, 33) as well as CFRP/PTFE interface.
Adhesion with cross-linked Epoxy Polymer and
PTFE with dangling bonds Figure 9 illustrates the constitutional formulae of chemical Both strong chemical and molecular bonds probably occur at cross-linking zone at interface. Therefore, the strong adhesion induced by 0.13 MGy-HLEBI can be explained. Figure 10 illustrates oxygen (1s) signals on PTFE side peeled surface and fluorine (1s) signals on the CFRP side peeled surface by X-ray photoelectron spectrometer (XPS: Quantum 2000, ULVAC Co., JAPAN) analysis of CFRP/ PTFE laminated films with and without applying 0.13 MGy-HLEBI. As shown in Fig. 10(a) , a remarkable XPS signal of oxygen are found on the peeled surface in the PTFE sides of the sample untreated, although the minimum signal can be observed in the samples with 0.13 MGy-HLEBI. Consequently, the small force of spontaneous adhesion of the sample untreated is dominated by the epoxy resin transport to PTFE. The fracture mainly propagates through the epoxy inside near cross-linking zone with intermolecular bonding around interface of the sample untreated, although the fracture can be seen to always occur at the interface by the optical scale observation.
As shown in Fig. 10(b) , a remarkable XPS signal of fluorine is found on the peeled surface in the CFRP side of the sample with 0.13 MGy-HLEBI, although a slight fluorine signal can be detected of the sample untreated. Consequently, the large peeling resistance of the sample with 0.13 MGy-HLEBI is dominated by the PTFE polymers transport to Epoxy resin. The fracture mainly propagates through the PTFE inside near cross-linking zone with chemical bonding as well as the intermolecular bonding around interface of the sample with 0.13 MGy-HLEBI, although the fracture can be also seen to always occur at the interface by optical observation. When HLEBI cuts the chemical bonds and generated active terminated atoms with dangling bonds of Epoxy and PTFE polymers in cross-linking zone at adhesive interface, strengthening the adhesive force indicated by peeling resistance ( o F p ) is mainly induced by the chemical bonding, as well as intermolecular attractive force. Since the adhesive force of Epoxy/PTFE sample irradiated at 0.13 MGy is remarkably stronger than the PTFE cohesive force, the fracture probably propagates through the PTFE inside near cross-linking zone at interface.
Conclusions
A Carbon Fiber Reinforced Epoxy Polymer (CFRP) and Polytetrafluoroethylene (PTFE) joint was rapidly fabricated for bio-adaptable applications without the use of glue by applying homogeneous low energy electron beam irradiation (HLEBI) surface treatment prior to laminating to the Epoxy Polymer with hand pressure.
(1) By applying small dose of 0.04 to 0. 
